Background: Coronary artery disease (CAD) is a common disease with high cost and mortality. Here, we studied the differentially expressed genes (DEGs) between epicardial adipose tissue (EAT) and subcutaneous adipose tissue (SAT) from patients with CAD to explore the possible pathways and mechanisms through which EAT participates in the CAD pathological process. Methods: Microarray data for EAT and SAT were obtained from the Gene Expression Omnibus database, including three separate expression datasets: GSE24425, GSE64554 and GSE120774. The DEGs between EAT samples and SAT control samples were screened out using the limma package in the R language. Next, we conducted bioinformatic analysis of gene ontology terms and Kyoto Encyclopedia of Genes and Genomes pathways to discover the enriched gene sets and pathways associated with DEGs. Simultaneously, gene set enrichment analysis was carried out to discover enriched gene functions and pathways from all expression data rather than DEGs. The PPI network was constructed to reveal the possible protein interactions consistent with CAD. Mcode and Cytohubba in Cytoscape revealed the possible key CAD genes. In the next step, the corresponding predicted microRNAs (miRNAs) were analysed using miRNA Data Integration Portal. RT-PCR was used to validate the bioinformatic results. Results: The three datasets had a total of 89 DEGs (FC log2 > 1 and P value < 0.05). By comparing EAT and SAT, ten common key genes (HOXA5, HOXB5, HOXC6 , HOXC8, HOXB7, COL1A1, CCND1, CCL2, HP and TWIST1) were identified. In enrichment analysis, pro-inflammatory and immunological genes and pathways were up-regulated. This could help elucidate the molecular expression mechanism underlying the involvement of EAT in CAD development. Several miRNAs were predicted to regulate these DEGs. In particular, hsa-miR-196a-5p and hsa-miR-196b-5p may be more reliably associated with CAD. Finally, RT-PCR validated the significant difference of OXA5, HOXC6, HOXC8, HOXB7, COL1A1, CCL2 between EAT and SAT (P value < 0.05).
INTRODUCTION
Atherosclerosis is a chronic artery disease that is the major cause of coronary artery disease (CAD) and stroke. It is a leading cause of death worldwide (Herrington et al., 2016; Jia et al., 2014; Zhang, Lai & Jia, 2015) . In recent years, visceral adipose tissue (VAT) has been identified as affecting atherosclerosis and CAD pathogenesis persistently releasing pro-inflammatory and decrease anti-inflammatory adipokines into the circulation via a paracrine or endocrine pathway (Alexopoulos, Katritsis & Raggi, 2014; Wu & Zhao, 2006) . Epicardial adipose tissue (EAT) is one of the most important VAT components. EAT, due to its position close to the myocardium, which shares the same microcirculation as the coronary artery, has a unique effect on CAD (Nakanishi et al., 2014; Patel et al., 2016) .
So far, clinical studies have shown that EAT expansion is an independent CAD risk factor (Herrington et al., 2016; Mahabadi et al., 2013; Nakanishi et al., 2014; Liu et al., 2019) . Some EAT functions were reported in cell and animal studies. EAT releases some factors (apelin (Yao et al., 2015) , adiponectin (Ouchi & Walsh, 2008) , MCP-1 (Niu & Kolattukudy, 2009) ) that effect the myocardium and coronary arteries via paracrine and vasocrine pathways. Furthermore, exosomes released from EAT could carry molecules (proteins, RNA and lipids) that establish cross-talk between the pathological EAT and the coronary artery (Thomou et al., 2017) . The NALP3/inflammasome pathway is activated by microbial colonisation in EAT in CAD patients (Guauque-Olarte et al., 2011) . The expression of proteins involved in oxidative stress, metabolism regulation, gene transcription regulation, and angiogenesis were significantly increased in CAD patient EAT (Vacca et al., 2016) .
However, it is not completely understood how EAT participates in CAD. One of the major limitations in studying EAT function is that only patients undergoing cardiac surgery are studied. Collecting EAT from healthy subjects is not possible for obvious ethical reasons. Therefore, subcutaneous adipose tissue (SAT) was always used as the second-best control in previous studies (Gruzdeva et al., 2017; Salgado-Somoza et al., 2010; Hirata et al., 2011) .
We attempted to verify the pre-existing function and predict a new effect of EAT in pathological CAD processes. Here, microarray analysis of EAT and SAT was conducted based on three independent expression array databases. These gene expression features could help discover new CAD biomarkers and pioneer therapeutic strategies.
MATERIALS AND METHODS

Data source
The microarray expression data sets (GSE24425, GSE64554 and GSE120774) were downloaded from the Gene Expression Omnibus (GEO) database. A total of 28 EAT samples and 27 SAT control samples were collected from the same CAD patients undergoing coronary artery bypass grafting surgeries (CABG). GSE24425 used the Illumina HumanWG-6 V3.0 expression beadchip containing six paired EAT and SAT samples. GSE64554 used the Illumina HumanHT-12 V3.0 expression beadchip. GSE120774 used the HuGene-1_0-st Affymetrix Human Gene 1.0 ST Array, including 13 EAT samples with EAT controls and nine EAT samples with eight SAT controls, respectively. The three datasets were all quantile normalised and log2transformed.
Data pre-processing
Data pre-processing consisted of three units: transition from gene probes to gene symbols, data consolidation, and batch normalisation. First, the three series matrix files were annotated with an official gene symbol using the data table of the microarray platform, and the gene expression matrix files were obtained. The three gene expression matrix files were merged into one file using a Perl script. Gene probes without gene symbols or genes with more than one probe were eliminated or averaged, respectively. To ensure the integrity and comparability of the datasets, the batch normalisation of merged data was pre-processed by sva package (Leek et al., 2012) using the R language (R Development Core Team, 2018) . Batch effects are the most widely recognised potential latent variable in genomic experiments. The sva package was used to eliminate the latent variables or unwanted heterogeneity in the high-throughput data. The batch normalisation including two steps: identification of potential impact factors and elimination of batch effects using the ComBat function.
Differentially expressed gene analysis
The differentially expressed genes (DEGs) between EAT samples and SAT samples were determined using the limma package in R. The thresholds were log2 (fold change) > 1 and P value < 0.05. DEG visualisation was done using a volcano map and heatmap using gglot2 (Ginestet, 2011) and the pheatmap package (Kolde, 2015) .
Functional enrichment analysis of DEGs
The Cluster Profiler R package (Yu et al., 2012) and the database for annotation, visualisation, and integrated discovery (DAVID 6.8, http://david.ncifcrf.gov) (Huang et al., 2007) were used to functionally analyse and analyse the enriched pathways of the key DEGs in gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The P value was corrected using the Benjamini method or false discovery rate (FDR) for multiple testing calibrations. The threshold was P < 0.05.
Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was performed using GSEA software. Gene sets used here were downloaded from the Molecular Signatures Database. Enrichment results satisfying a nominal P-value cut-off of < 0.05 with a FDR > 0.25 were considered statistically significant. MSigDB were download from http://software.broadinstitute.org/gsea/index.jsp (Liberzon et al., 2011) .
PPI network construction and analysis
To explore the interacting genes, the search tool (STRING 10.5; http://string-db.org) (Szklarczyk et al., 2015) was employed to establish a DEG PPI network, which was drawn using Cytoscape (Kohl, Wiese & Warscheid, 2011) . Interaction with a combined score > 0.4 was set as the cut-off point. The most important module in the PPI network was identified using the plug-in Molecular Complex Detection (MCODE) (Bader & Hogue, 2003) of Cytoscape, an application to cluster a given network by topology, to find densely connected regions. The criteria for selection were as follows: MCODE scores > 5, degree cut-off = 2, node score cut-off = 0.2, max depth = 100, and k-score = 2. Subsequently, the maximal clique centrality (MCC) algorithm of CytoHubba (Chin et al., 2014) was used to explore the PPI network hub genes.
Regulating miRNA prediction
The online prediction tool microRNA Data Integration Portal (mirDIP) (http://ophid. utoronto.ca/mirDIP) (Tokar et al., 2018 ) was used to predict potential microRNA (miRNA) targeting. Ten top hub genes were submitted, and the top five predicted miRNAs of every gene were chosen and listed.
Assessment of the mRNA expression of hub genes using qRT-PCR
Eight EAT tissues and SAT tissues were collected from Xiangya Hospital. This study was approved by the Ethical Committee of Xiangya Hospital and conducted in accordance with the Declaration of Helsinki. In addition, each patient volunteered written informed consent. All tissues were immediately frozen in liquid nitrogen after resection and stored in liquid nitrogen. The clinical characteristics of included CAD patients were listed in Table 1 .
Total RNA was extracted from tissues using TRIzol (Takara, Japan) according to the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using a cDNA Synthesis Kit (Takara, China). mRNA levels were tested using Nanodrop one (Thermo Fisher Scientific, Waltham, MA, USA). All reactions were performed on the Eppendorf Mastercycler ep realplex (2S; Eppendorf, Hamburg, Germany) using following cycling parameters: 95 C for 30 s, followed by 40 cycles of 95 C for 15 s, 60 C for 34 s. RT-qPCR was performed using the FastStart Universal SYBR Ò Green Master (ROX) (Takara, China). The primer sequences were listed in Data S1.
The relative expression level for each target gene was normalised by the Ct value of β-actin (internal control) using a 2 −ΔΔCt relative quantification method. A meaningful analysis between the two groups was performed by a paired t-test, and a P value < 0.05 was considered statistically significant.
RESULTS
DEG analysis
Here, 28 EAT samples and 27 SAT samples of CAD patients from the GSE24425, GSE64554 and GSE120774 datasets were analysed. After pre-processing, the raw data were merged and normalised ( Fig. S1 ). Based on the cut-off criteria (adjusted P value < 0.05 and |log2 foldchange (FC)| > 1), a total of 89 DEGs were identified, including 43 up-regulated and 46 down-regulated DEGs. A DEG expression heat map and volcano map were shown in Figs. 1 and 2.
Gene ontology enrichment analysis
Functional enrichment analysis of DEGs was performed by using clusterProfiler package in the R language. The top 12 GO analysis results ( Fig. 3) showed that genes were mainly enriched in G protein-coupled receptor binding, chemokine activity, chemokine receptor binding, retinoid binding, isoprenoid binding, CCR chemokine receptor binding, retinal binding, cytokine binding, cytokine activity, haptoglobin binding, molecular carrier activity, and phospholipase activator activity. All results were listed in Table S1 .
Pathway enrichment analysis
Significantly enriched pathways of DEGs are shown in Table 2 based on the DAVID online tool that was used to perform KEGG pathway analysis. Genes were mainly enriched in cytokine-cytokine receptor interaction, chemokine signalling pathway, prion diseases, malaria, and arginine and proline metabolism. Enriched pathways identified from DEGs were fewer but more reliable due to relatively limited DEGs from the three data sources. Gene set enrichment analysis
All expression data were submitted to GSEA to test and verify the results of KEGG and GO analysis and to excavate new EAT functions. The samples were divided into EAT and SAT group and subjected to GSEA. The GSEA results showed high repeatability and accuracy compared to KEGG and GO analysis. These results showed high similarity with KEGG and GO analysis, including the enriched gene set CCR chemokine receptor binding and the enriched pathways prion diseases and chemokine signalling pathway supply. Moreover, genes and functions were mostly enriched in chemokine up-regulation, immune cell activation, and lipid metabolism, which was shown by several EAT studies. Additionally, we noted some rarely seen enriched functions. These included the KEGG pathways intestinal immune network for IgA production and complement and coagulation cascades and the gene sets gliogenesis regulation, complement activation, and vascular endothelial growth factor production regulation (Fig. 4) . These EAT functions were rarely discussed in past studies, and they could be new directions for EAT studies. The top 20 results were listed in Tables S2 and S3 .
PPI network construction and analysis
The 89 DEGs were submitted to the STRING database to predict the interactions between proteins. The PPI network of DEGs was constructed using a combined score greater than 0.4 (Fig. 5) , and the two most significant modules were obtained using MCODE in Cytoscape (Fig. 6B ). The first module included homeobox B5 (HOXB5), homeobox (HOXC8), homeobox C6 (HOXC6), homeobox A5 (HOXA5) and homeobox B7 (HOXB7). The second module consisted of haemoglobin subunit delta (HBD), haemoglobin subunit beta (HBB), haemoglobin subunit alpha 2 (HBA2), haptoglobin (HP), C-C motif chemokine ligand 2 (CCL2), cyclin D1 (CCND1), Thy-1 cell surface antigen (HP), collagen type I alpha 1 chain (COL1A1), twist family bHLH transcription factor 1 (TWIST1), and keratin 19 (KRT19) (Fig. 6C ). The hub genes selected from the PPI network using the MCC algorithm and cytoHubba plugin were shown in Fig. 6A . The top 10 hub genes identified by MCC are HOXA5, HOXC6, HOXC8, HOXB5, HOXB7, COL1A1, CCND1, CCL2, HP and TWIST1 (Fig. 6A ).
Regulating miRNA prediction
The top 10 hub genes from Cytoscape were submitted to online tool mirDIP. The top five predicted miRNAs of these genes were chosen and listed in Table 3 . Among these miRNAs, hsa-miR-196a-5p and hsa-miR-196b-5p could play more essential roles in CAD pathogenesis.
RT-qPCR validation of mRNA expression of top 10 hub genes
RT-qPCR was performed using the total RNA extracted from eight pairs of EAT and SAT from patients with CAD undergoing CABG, which were used to confirm the expression levels of 10 hub genes obtained from Cytoscape. The RT-qPCR experiment results showed a significant change in the expression of six hub genes, including HOXA5, HOXC6, HOXC8, HOXB7, CCND1 and CCL2 in Fig. 7 (P value < 0.05). The mean and standard deviation of data was listed in Table 4 .
DISCUSSION
Epicardial adipose tissue, adipose tissue pools in the vicinity of blood vessels and myocardium, are one of the critical factors of CAD (Iacobellis, Barbaro & Gerstein, 2008; Cetin et al., 2013) . The effect of EAT paracrine and vasocrine regulation of the atherosclerosis process via the proinflammatory response is widely recognised (Alexopoulos, Katritsis & Raggi, 2014). However, limited research findings cannot fully reveal the complete mechanism of epicardial fat's effect on CAD. The recent rapid advance in microarray analysis has greatly contributed to understanding EAT expression profile alterations in CAD. However, few studies have integrated these datasets together. A past expression analysis showed genes related to CAD (C6, CXCR4, CBS and CNTNAP2) (Guauque-Olarte et al., 2011) . Another EAT profiling revealed that EAT in CAD patients had up-regulated pro-inflammatory pathways, macrophage surface antigens, and cytokines (Vacca et al., 2016) . A previous transcriptome analysis described different characteristics between EAT and SAT, and it showed overexpressed gene characteristics of the 'beige'/'brite' phenotypes (Gaborit et al., 2015) . Another results showed ADORA1, adiponectin, AGT, ADM, CATA, IL-1β, MCP-1, RBP-4, TNF-a and UCP-1 may play significant roles in the unique physiology of EAT and/or its role in pathophysiology, through mechanisms as diverse as steroid hormone responses and regulation of apoptosis (Yim & Rabkin, 2017) . Our results showed high similarity with these findings including the overexpression of proinflammatory factors like C6 and CCL2. However, some new possible function of EAT were predicted by our analysis. Finally, 89 DEGs in several possible gene sets and pathways were screened and identified as highly enriched in CAD patient EAT samples. GO and KEGG analysis showed that DEGs were mainly associated biological processes like G protein-coupled receptor binding, chemokine activity, chemokine receptor binding, and retinoid binding. The GSEA results from all expression data showed high similarity with DEG functional analysis, most of which are closely related to CAD genes and progression. Remarkably, pro-inflammatory and immunological genes and pathways increased, including CCR chemokine receptor binding and lymphocyte mediated immunity, which supposed that inflammatory factors and immune cell activation may play an essential role in regulating the CAD process. Moreover, GSEA analysis discovered some seldom seen enriched functions, including the KEGG pathways intestinal immune network for IgA production and complement and coagulation cascades and the gene sets gliogenesis regulation, complement activation, and vascular endothelial growth factor production regulation. These EAT results suggested that more attention should be paid to these functions of EAT including interaction with the intestinal immune system, complement activation, and extracellular matrix regulation.
A DEG PPI network was constructed. Two key modules and 10 hub genes were identified, including HOXA5, HOXB5, HOXC6, HOXC8, HOXB7, COL1A1, CCND1, CCL2, HP and TWIST1. Moreover, we validated the results using RT-PCR with eight pairs of samples from CAD patients.
Hox genes encode for highly conserved homeodomain transcription factors. Some members of the HOX family have been participating in vascular remodelling, angiogenesis, and diseases associated with changes in matrix degradation, integrins, and extracellular matrix components (Gorski & Walsh, 2000) . The HOX family members exhibit a high self-interaction level, including forming chromatin conformations known as topological domains (Dixon et al., 2012) . HOXA5 protein transduction domain overexpression prevents inflammation as shown by inhibition of TNFa-inducible monocyte binding to HUVECs (Lee et al., 2011; Chen & Gorski, 2008) . HOXB5 up-regulation could Table 3 Top 5 predicted miRNAs of 10 hub genes predicted by DEGs. Top 10 hub genes were submitted to online tool mirDIP, then top 5 predicted miRNAs of these genes were outputted and listed.
Genes
Predicted miRNAs HOXA5 hsa-miR-26b-5p, hsa-miR-26a-5p, hsa-miR-196a-5p, hsa-miR-196b-5p, hsa-miR-96-5p HOXB5 hsa-miR-23b-3p, hsa-miR-181c-5p, hsa-miR-181a-5p, hsa-miR-181b-5p, hsa-miR-23a-3p enhance blood vessel perfusion in vivo by increasing MCP-1 and IL-6 expression and enhancing leucocyte infiltration and blood vessel remodelling in ischaemic disease (Fessner et al., 2014) . CCND1 is a critical protein in the cell cycle, and cell cycle disorder plays an important role in ventricular remodelling pathogenesis (Chandrashekhar, 2005; Abbate, Biondi-Zoccai & Baldi, 2002) . A previous study indicated that dysregulated cardiomyocyte cell cycle progression played a role in left ventricle remodelling and dysfunction in dilated cardiomyopathy (Ibe et al., 2007) . CCL2 is an important inflammatory cytokine participating in the CAD pathological process. A 2-year survival analysis showed that low CCL2 serum levels was highly associated with myocardial infarction (Leocadio et al., 2019) . CCL2 was also reportedly involved in human atherosclerosis and myocardial infarction pathogenesis (McDermott et al., 2005) . TWIST expression could promote developmental angiogenesis by inducing EC proliferation and migration. In addition to its role in development, a recent study showed that TWIST is highly expressed at low shear stress regions of adult arteries where it plays a role in promoting atherosclerosis by inducing EC proliferation and inflammation (Mahmoud et al., 2016) . HP is an acute phase protein that is always overexpressed during inflammation. A clinical study showed that plasma HP concentrations are increased in patients with CAD and were closely associated with luminal stenosis severity (Lee et al., 2013) .
In addition to hub genes discussed above, the other four genes have rarely been studied in CAD. HOXC6, HOXC8 and HOXB7 have been shown to be prognostic biomarkers and therapeutic targets in cancer research, including prostate cancer (Van Neste et al., 2016; Axlund, Lambert & Nordeen, 2010) , gastric cancer (Chen et al., 2016) , oesophageal squamous cell carcinoma (Du et al., 2014) , nasopharyngeal carcinoma (Jiang et al., 2015) , and acute lymphoblastic leukaemia (Zhong et al., 2019) . In our bioinformatic and PCR results, most HOX genes were identified downregulated in the EAT from CAD patients. While recent studies have revealed the role of HOX proteins in heart development, little is known about the function in CAD development. However, due to the important function of HOX in regulating various signalling pathways including Wnt, TGF-β, MAPK, PI3K/Akt and NF-kB (Yu, Zhan & Zhang, 2020) , we assume that the downregulation of HOX genes could inhibited the transcription of protective adipocytokines. In this way, HOX genes could play critical roles in the pathophysiological process of CAD. COL1A1 encodes the pro-alpha 1 chains of type I collagen. Type I is a fibril-forming collagen that is found in most connective tissues like bone, cornea, dermis and tendon. A new report showed that COL1A1 gene polymorphisms are associated with heart morphology changes and myocardium and vessel relaxation process deflection (Nekhanevych et al., 2018 ).
In addition, COL1A1 genes were also identified downregulated in the EAT of CAD patients in our study. A new study reported the upregulation of the COL1A1 could be a plasma biomarker of CAD (LeungOng et al., 2020) . Type I collagen is a critical part in the extracellular matrix of myocardium. Efficient deposition of type I collagen is fundamental to healing injured myocardium. The downregulation in EAT and the upregulation in plasma showed the degradation of type I collagen and the release of COL1A1 to the blood could be a important pathological process in CAD. Finally, several miRNAs were predicted using online tool. Among these miRNAs, hsa-miR-196a-5p and hsa-miR-196b-5p garnered the most attention. However, these two miRNAs have not been studied in the CAD field, so they need more exploration.
Here, we merged three expression profiles to explore some new molecular characteristics in EAT from CAD patients. The sva package was used to eliminate batch effects. Our study found some new common DEGs and enriched gene sets and pathways based on more samples compared to a previous study. In addition, we analysed all expression data rather than DEGs with GSEA software to excavate EAT features from a comprehensive perspective.
However, several limitations are associated with our study. In our study, SAT samples were chosen as control groups rather than EAT from healthy people for following reasons: First, healthy EAT controls is hard to acquire due to ethical limitations. Also, the baseline data downloaded from the GEO data sets were incomplete since most EAT control samples were obtained from other patients without CAD. Therefore, SAT controls were relatively reliable and used to eliminate baseline bias. In addition, We still do not know if EAT and SAT differ in healthy people.
Here, we discovered clues related to genes and pathways using bioinformatic analysis. These results could help us excavate key biomarkers and EAT targets in CAD. This could provide more points to explore CAD pathogenesis. Next, we plan to experimentally verify these genes and pathways in human EAT samples. We will explore them in depth, so that we can further reveal EAT's important role in CAD pathogenesis.
CONCLUSIONS
Here, we used comprehensive bioinformatic analysis to identify and functionally analyse the DEGs between EAT and SAT in CAD patients. We revealed EAT could participating the CAD through DEGs including HOXA5, HOXB5, HOXC6, HOXC8, HOXB7, COL1A1, CCND1, CCL2, HP and TWIST1; as well as some new pathways including interaction with the intestinal immune system, complement activation, and extracellular matrix regulation. RT-PCR was used to validate the bioinformatic results. Some miRNAs regulating these key genes were predicted. Some of our results are similar to other studies, but some new conclusions were also drawn. These results could help us to explore EAT's role in CAD from new and in-depth perspectives.
